Cardiolipin (CL) is a dimeric phospholipid localized primarily in the mitochondrial membrane. Previous studies have shown that yeast cells containing a disruption of CRD1, the structural gene encoding CL synthase, exhibit temperature sensitive colony formation and multiple mitochondrial defects. A recent report (J. Biol.
INTRODUCTION
Cardiolipin (CL), 1 a unique phospholipid with dimeric structure, is ubiquitous in eukaryotes and primarily found in the mitochondrial inner membrane (1) . It plays a key role in mitochondrial bioenergetics by optimizing activities of enzymes in the oxidative phosphorylation pathway (1) , stabilizing supercomplexes of Saccharomyces cerevisiae respiratory chain complexes III and IV (2), preventing rate-dependent uncoupling and providing osmotic stability in yeast mitochondria (3) . CL is also involved in mitochondrial biogenesis, possibly via assisting protein import into mitochondria (4) , and maintaining optimal mitochondrial internal structure (5) . Defective remodeling of CL is associated with Barth syndrome, a severe genetic disorder characterized by cardiomyopathy, neutropenia, skeletal myopathy, and respiratory chain defects (6) . The phenotype of Barth syndrome is dependent upon multiple factors that are not well understood (7, 8) . Elucidation of the functions of CL will help to clarify the abnormalities associated with this disorder.
We have observed that the yeast crd1D mutant, which lacks CL synthase and has no detectable CL, loses cell viability during growth at elevated temperature (4, 9) . Crd1D mutant cells cannot form colonies at 37°C from single cells seeded on YPD plates (9) . In addition, crd1D mutant cells grown in fermentable or non-fermentable carbon sources also segregate large numbers of petites (respiratory incompetent cells) after prolonged culture at elevated temperature (4) . CL is, thus, essential for maintaining mitochondrial phosphatidylethanolamine. Psd1∆ cells exhibit a high propensity for loss of mitochondrial DNA, markedly reduced growth on non-fermentable media, and temperature sensitivity at 37°C similar to crd1D (10) (11) (12) .
A recent study reported that the defects associated with the crd1D mutation were attributable to the presence of a pet56 mutation in the crd1D strain background (13) .
Pet56p catalyzes the formation of 2'-O-methylguanosine at a specific nucleotide in the peptidyl transferase center of the RNA of the large mitochondrial ribosomal subunit (14) .
Reduced expression of PET56 was found to slow growth, decrease mitochondrial DNA stability, and decrease cell viability at elevated temperatures (14, 15) . It was suggested that the growth defects of crd1D, which resemble the phenotypes of pet56, were due to reduced PET56 expression rather than lack of CL (13) . However, as mitochondrial defects were observed in crd1D compared to isogenic wild type cells, the presence of a pet56 mutation in both crd1D and wild type could not explain the mitochondrial defects.
In the current study, we examined the effect of PET56 expression on temperature sensitivity, mitochondrial DNA loss, and respiratory function in the crd1D mutant. We determined that the mitochondrial defects observed in the crd1D mutant are independent of the pet56 mutation, and that expression of CRD1 but not PET56 complements all the defects. Wizard Plus Miniprep DNA purification system, PGEM-T Easy Vector system, and Riboprobe System kits were from Promega. All other buffers and enzymes were purchased from Sigma. Glucose, yeast extract, and peptone were purchased from Difco.
MATERIALS AND METHODS

Materials--All
Yeast Strains and Growth Media--The S. cerevisiae strains used in this work are listed in Table 1 and allowed to grow for at least 5 to 6 generations to achieve steady state labeling as described (19) . Cells were harvested at the indicated growth phase, and digested by zymolyase (1.5 -2.5 mg/ml culture in 50mM Tris-SO 4 buffer pH 7.5, containing 1.2M glycerol and 100mM sodium thioglycolate) at room temperature for 15 min to yield spheroplasts. Phospholipid extraction was carried out in 
RESULTS
Temperature sensitivity of crd1∆ is independent of pet56. We examined colony formation in crd1∆ cells in both PET56 (BY4741) and pet56 (FGY3) strain backgrounds.
Both strains have mutations in the HIS3 gene, which shares a common promoter with PET56. However, in BY4741, the HIS3 allele is his3D1, a 187 bp deletion of only the internal coding sequence of HIS3, leaving the promoter intact (21) . In contrast, FGY3
contains the his3D200 allele, in which the common promoter region of PET56 and HIS3 is deleted. As seen in Fig. 1A , PET56 is fully expressed in wild type and isogenic crd1∆ cells in the BY4741 background, but not in the FGY3 background. As expected, transformation of FGY3 and isogenic crd1∆ cells with PET56 genomic DNA containing the complete promoter and coding sequence on a single copy vector restored PET56 expression to levels slightly higher than those observed in BY4741.
Single cells of wild type (BY4741) and isogenic crd1∆ strains were plated on YPD or SCD medium and incubated at elevated temperatures. As shown in Fig. 1B , crd1∆ cells could not form colonies at elevated temperatures. On YPD, the mutant could not form colonies at 41°C, a permissive temperature for the wild type. At 39°C the mutant formed small colonies, all of which were petite (data not shown). On synthetic medium, colony formation was defective even at 39°C. In summary, in a PET56 background, the crd1∆ mutant exhibited defective colony formation at elevated temperature.
To determine if the temperature sensitive phenotype of crd1D was due to the lack of CL, the crd1D mutants were transformed with pRS415-CRD1, a single copy plasmid bearing the wild type CRD1gene expressed from its original promoter. In both PET56 and pet56 genetic backgrounds, the wild type CRD1 gene restored growth of the crd1∆ mutant at elevated temperatures on YPD and SCD (Fig. 2) . Expression of the wild type PET56 gene had no effect on temperature sensitivity. The crd1∆ mutant lost viability after prolonged growth in liquid culture (24 and 72 hr in pet56 and PET56 backgrounds, respectively (Fig. 3) . Viability was restored to wild type levels in mutant cells expressing a vector containing the CRD1 gene (but not empty vector) in both PET56 and pet56 strain backgrounds. Expression of the wild type PET56 gene did not affect viability.
Increased petite formation in crd1∆ mutants at elevated temperature is independent of pet56. Petite formation was measured in crd1∆ cells in PET56 and pet56 backgrounds.
As seen in Fig. 4 , the percentage of petite cells in the crd1∆ mutant in the pet56 background was greater than in wild type cells. After prolonged growth (194 hr) of cells at 37°C, the majority of crd1∆ mutant cells had lost mitochondrial DNA, while the percentage of petites among the wild type cells was less than 10%. In the PET56 background as well, crd1∆ mutant cells exhibited a higher frequency of petite formation than the wild type when grown at 39°C. In both strain backgrounds, expression of CRD1 led to a reduction in the number of petite cells in the crd1∆ mutant to wild type levels, while expression of PET56 had no effect.
Uncoupled oxidative phosphorylation in crd1∆ is independent of PET56. Mitochondrial function was assayed in crd1∆ mutant cells in the PET56 genetic background. Fig. 5 demonstrates oxygen consumption in wild type and mutant mitochondria at 25° and 40°C, under isotonic and hypotonic conditions. At 25°C in isotonic conditions, crd1∆ mutant mitochondria were well coupled as indicated by a clear transition of respiration from state 3 to state 4. However, at 40°C in isotonic medium, conditions in which wild type mitochondria were well coupled, oxidative phosphorylation in mutant mitochondria was completely uncoupled. Mutant mitochondria also exhibited defective coupling in hypotonic conditions, even at 25°C. Therefore, in both pet56 (3, 15) and PET56 backgrounds (Fig. 5) , the crd1D mutation leads to defective coupling. In cells expressing CRD1, coupling was restored at 40°C and under hypotonic conditions.
Increased PG levels in crd1∆ cells. Phosphatidylglycerol (PG) was elevated in crd1∆ cells in both PET56 and pet56 backgrounds (Table 2, 3). Consistent with previous reports (2,22), we observed significant changes in phosphatidylethanolamine (PE) levels, which increased at the expense of phosphatidylcholine (PC) in crd1∆ cells. This increase in the PE/PC ratio was more pronounced in YPGE (Table 3 ) than in YPD (Table 2) media and in crd1∆ cells in the pet56 background than in PET56, in which it was evident only in the mid-logarithmic phase in YPGE medium. The comparative phospholipid profile of crd1∆ and isogenic wild-type cells showed that PG levels in crd1∆ are similar to CL in wild-type. However, the increase in PG was higher in YPGE than in YPD media.
Discussion
CL plays a crucial role in mitochondrial function. Defective CL biosynthesis due to a mutation in the human G4.5 (TAZ) gene leads to the severe genetic disorder known as Barth syndrome (23) . The severity of symptoms, including cardiomyopathy, skeletal myopathy, and neutropenia, is not strongly correlated with the degree of mutation in the TAZ gene, indicating that the phenotype is dependent on multiple factors as yet not well understood (24) . An understanding of the function of CL may ultimately help to explain the varying degrees of severity observed in Barth syndrome.
Several studies have shown that the yeast crd1∆ mutant, which has no CL, exhibits a variety of mitochondrial and cellular defects, including temperature sensitive growth, loss of mitochondrial DNA, decreased respiratory function and membrane potential, and defective import of proteins into the mitochondria (1-4,18 ). More recently, Zhang et al. (13) reported that several phenotypes in the CL-deficient mutant were exacerbated by reduced expression of PET56, and concluded that phenotypes associated with the crd1∆ mutant should be re-evaluated. In this report, we examined the role of pet56 in crd1∆ mutant phenotypes and conclude the following. (i) Decreased viability and loss of mitochondrial DNA at elevated temperature are independent of pet56.
Episomal expression of CRD1 but not PET56 complements the growth defects and restores mitochondrial DNA stability. (ii) Coupling and oxidative phosphorylation are defective in crd1∆ mutant mitochondria in PET56 and pet56 genetic backgrounds.
Oxidative phosphorylation is completely uncoupled in the mutant at 40°C or in the hypotonic reaction medium. (iii) The crd1∆ mutant exhibits increased PE and decreased PC, especially in nonfermentable medium. This altered phospholipid profile is apparent in both PET56 and pet56 backgrounds, although it is more pronounced in the latter. In summary, all crd1∆ mutant phenotypes tested are independent of PET56.
Yeast "wild type" strains differ greatly with respect to their degree of thermal tolerance. Among the strains used for the current study, wild type strain BY4741 tolerates significantly higher temperatures than does FGY3. Therefore, the temperature sensitivity of crd1∆ in the BY4741 genetic background is not apparent below 39°C, a temperature that is permissible for growth of the wild type. This may explain why previous studies did not detect temperature sensitivity in the crd1∆ mutant. PET56 as well as other genes may very well contribute to overall thermal tolerance, in which case expression of this and other genes may suppress phenotypes associated with thermal sensitivity. The suppression phenotype underscores the importance of comparing mutants with isogenic wild type strains. The phenotypes previously reported for the crd1∆ mutant (1) (2) (3) (4) 18) were all identified by comparison with an isogenic wild type strain, suggesting that reduced expression of pet56 in these strains had no bearing on crd1∆-associated phenotypes. The current study confirms this conclusion.
We previously showed that phosphatidylglycerol (PG) was only slightly elevated in crd1∆ cells in YPD medium (4) . Similar findings were reported by Tuller et al. (19) who did not detect any PG in crd1∆ cells grown in YPD medium. In contrast, Chang et al. and Zhang et al. showed that PG was elevated in the mutant in YPD medium (13, 25) .
In all the above studies, measurements were taken at a single point in the growth phase.
However, growth phase is known to regulate phospholipid levels (26) . This effect is specifically important for mitochondrial phospholipids (PG and CL), as mitochondrial development is subject to glucose mediated repression resulting in reduced mitochondria by guest on November 17, 2017 http://www.jbc.org/ specific phospholipids (22, 26, 27) . To resolve the discrepancy, phospholipid analyses were carried out at different growth phases in two different crd1∆ strains using a sensitive radiolabeling approach. CL and PG levels increased by more than 2 fold from early logarithmic to late stationary phase in YPD medium (Table 2) , whereas in YPGE medium they remained constantly high (Table 3) , consistent with previous reports (22, 26) . PG levels in crd1∆ cells were comparable to wild-type levels of CL plus PG.
However, because the wild type CL levels were almost two times higher in YPGE compared to YPD medium in the logarithmic phase, elevation of PG in crd1∆ cells was more apparent in the non-fermentable medium (Table 2 and 3) . Consistent with the previous report (22) , the crd1∆ mutation resulted in a significant increase in the nonbilayer forming lipid PE in the FGY3 (pet56) background, and a somewhat smaller increase in the PET56 background (Table 3 ). This result suggests that cells may require a critical amount of non-bilayer forming phospholipid such CL and PE, and the increase in PE when CL is limiting may reflect a response to this need. In Escherichia coli, the increase in CL that accompanies decreased membrane PE may reflect this need as well (28) . This suggests that a mechanism may exist to maintain a critical amount of nonbilayer forming phospholipid in mitochondria. Molecular characterization of the increased rate of PE biosynthesis in CL mutants may help to elucidate this mechanism.
Mutants in different steps of CL biosynthesis differ greatly with respect to temperature sensitivity. The pgs1D mutant, which lacks PG and CL, exhibits the most severe growth defects at elevated temperature. The crd1D mutant, which can make PG but not CL, exhibits temperature sensitive colony formation but can grow at elevated temperature when cells are patched onto YPD plates. In the taz1D mutant, which can synthesize CL, CL levels are less than in wild type and are lacking in unsaturated fatty acids typical of wild type CL. This mutant has the least severe temperature sensitivityit grows normally on glucose or glycerol plus ethanol but not ethanol alone at elevated temperature (29) . While thermal sensitivity of the bioenergetic functions may explain temperature sensitivity in non-fermentable medium, the reason for loss of viability on glucose is not known. Identification of suppressors of this phenotype or synthetic lethal mutants may shed light on the essential functions of CL. These studies are in progress. Acknowledgements: We thank Dr. John Lopes for providing BY4741 strain, its isogenic crd1D mutant, and the plasmid pPLG SP6. We also thank Guiling Li for providing the plasmid pRS415-CRD1, and Asimur Rahman for preparing the figures. transformed with pRS415-CRD1 (+CRD1), or vector pRS415 (+vec) were grown at 30°C in YPGE to mid log phase. Mitochondria were extracted, and oxygen consumption was measured at 25° or 40° C in isotonic or hypotonic conditions. ADP (202 µM) and FCCP (5.9 µM) were added as described in Materials and Methods. Tracings are typical of 4 independent mitochondrial batches. 
